Abstract-In this paper, a printed planar monopole antenna (PPMA) is presented for PCS, UWB and X-band. The antenna is designed in two stages. In the design of the preliminary PPMA used to obtain the proposed PPMA, the structure is divided into sections, and they are optimized in the sense of bottom to up strategy. The bandwidth is enhanced by employing tapered transitions and inset feed. The resulting antenna operates between 2.37 GHz and 12 GHz with VSWR < 2 and an average peak realized gain of 4.95 dB. Therefore, the preliminary antenna can be considered to be suitable for Bluetooth, WLAN, WiMAX, UWB and X-band. The proposed PPMA is designed by implementing slots on the preliminary PPMA to include PCS, and to suppress Bluetooth and commonly used WLAN and WiMAX bands, the ones allocated out of UWB. The proposed antenna operates in the 1.67 GHz-1.91 GHz and 3 GHz-15 GHz bands with VSWR < 2. The peak realized gain (G pr ) in PCS is 1.32 dB at 1.8 GHz, and the average G pr is 5 dB for the 3 GHz-15 GHz band. The group delay performances are also examined, and the maximum group delay deviations of preliminary and proposed PPMAs are observed as 1 ns and 1.25 ns, respectively.
INTRODUCTION
In recent years, the growth in wireless communication technologies has led to development of various wireless systems such as PCS, Bluetooth, WLAN, WiMAX and UWB. In addition, wireless systems have been commonly used for different purposes such as radar and biomedical applications in UWB and X-band. For this reason, today's space and weight limited, and low cost portable devices must be compatible with the above systems according to the purpose, and hence they require a multiband or a wideband antenna [1] [2] [3] [4] . Frequency designations are presented in Table 1 for convenience. A planar monopole antenna (PMA) is simply generated by replacing a monopole above the ground plane with a planar radiator sheet. Many different kinds of geometries of planar monopoles have been proposed for various applications since its first introduction by Dubost and Zisler [5] . PMAs provide wide bandwidth with very fine control and less degradation on the radiation pattern with an acceptable gain in the band [4, 6] . In addition to the useful properties of PMAs, printed planar monopole antennas 
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In the design of a PPMA, radiating patch and feeding line are the main components. Microstrip [9] [10] [11] [12] [13] [14] and coplanar waveguide [15] [16] [17] [18] [19] [20] structures are generally employed for feeding PPMAs. Even though various geometries have been used for the radiating patch in different applications [12, 13, 16, 18] , tapered geometries are frequently used in order to obtain wide bandwidth, almost constant gain and group delay. Although there are also some studies proposing a general design procedure for specific type of PPMAs [21, 22] , there is no exact formulation in the literature, and the designs are generally optimized by employing computational parametric studies. In this study, it is intended to design a PPMA operating in PCS, UWB and X-band, and microstrip feeding with partial ground is preferred because of its easy implementation and simple design. First of all, a trapezoidal geometry is employed as a radiating patch, and then the dimensions of radiating patch, feeding line and ground plane are optimized. The feeding gap between ground plane and radiator patch is another critical parameter which must be taken into consideration [4, 16, 21] . Parametric studies are very useful for understanding the effects of parameters on the performance of antennas. However, individual parametric studies are not enough to obtain desired antenna characteristic,s and all of the parameters must be optimized systematically. Comprehensive numerical studies with parametric analysis have been performed by using HFSS to obtain the optimum designs before the fabrications and the measurements, and CST was also used for comparison purposes. When the physical size constraints are taken into account, the maximum widths of the radiator patch and ground plane are chosen as to be equal to each other, and width (W 3 ) is set to 35 mm as seen in Figure 1 . The length of the ground plane (L g ) can be determined via the empirical formula obtained by the comparisons of the computational and experimental results, and it is given as L g ≥ λ max /(5.35 √ r ) where λ max is the maximum wavelength in the band. To make the total antenna length (L t ) as small as possible for its usage in PCS applications, L g is chosen as 20 mm accordingly. The width of the feeding line (W f ) is chosen as 3.56 mm to obtain a 50 Ω characteristic line impedance. The other dimensions are determined by means of bottom-to-up strategy whose main purpose is to improve the impedance matching and its operation steps are summarized as follow [23] [24] [25] . Firstly, the overall dimensions of the antenna are fixed, then the structure is divided into separate sections ordered by starting from the feeding. The role of each section and its influence on impedance matching are identified. Then, the dominant parameters which will be used for further optimizations are determined for each section. The optimization process is started from the lowermost section and finalized at the uppermost one. During the process, if interested parameter is a common parameter for two sections, the parameter is optimized for the upper section. Therefore, the antenna geometry shown in Figure 1 (a) is divided into three design sections, two tapered transitions and a radiator, and the resulting antenna is called preliminary PPMA. Two tapered transition sections provide smooth impedance transition between the feeding line and radiation section [23, 24] . The first tapered transition section, which is the one adjacent to the feed line, is the most sensitive part, and therefore, this section must be optimized first to get desired impedance bandwidth. The resulting widths and length of the first transition section are W 1 = 4.06 mm, W 2 = 18 mm, and L 1 = 1.75 mm, respectively. The second tapered transition section is employed to increase the bandwidth. The tapering angles of the two tapered sections are different. The widths of the second transition section are W 2 = 18 mm and W 3 = 35 mm, and the length of that section is optimized as L 2 = 13 mm. The length of the radiation section has a significant effect on the minimum operating frequency of the antenna, and the length of this section is optimized as L 3 = 13 mm to obtain the desired frequency range. Additionally, the length of the feeding gap is optimized as L fg = 0.1 mm to improve impedance matching. L fg and L g are presented in Figure 1 (b). Moreover, in order to obtain better impedance matching, an inset is also employed, and its length and width are optimized as L i = 0.75 mm and W i = 0.25 mm, respectively. Finally, the width and length of the antenna are obtained as W 3 = 35 mm and L t = 47.85 mm, respectively. The computed VSWR result of the preliminary antenna (L 3 = 13 mm) is presented in Figure 2 . As seen from the figure, it has an operating bandwidth of 10.5 GHz with frequency range of 2-12.5 GHz, which does not cover PCS. To cover PCS band, the length of the radiation section L 3 is increased from its original value 13 mm to 15.65 mm step by step, and the results are given in Figure 2 . It is seen from the figure that the minimum operating frequency slightly decreases with increasing L 3 , and it is not possible to cover PCS band by only increasing L 3 . L 3 is chosen as 15.15 mm to limit the total length L t to 50 mm which is 2.15 mm longer than the total length of the preliminary antenna.
Implementation of proper slots having specific locations on an antenna is generally used for the excitation of additional operating frequencies [15, 18, 19, 26] , band stopping [11, 13, 16, 17, 20, 21] , antenna miniaturization [10, 26] , gain and bandwidth enhancements [9, 12, 14] . Therefore, slots are employed on preliminary PPMA in order to cover PCS and to suppress Bluetooth, WLAN (2.45 GHz) and WiMAX (2.4 and 2.5 GHz) and thus to obtain final design, the proposed PPMA. The antenna geometries with slots, used to obtain the proposed antenna, are presented in Figure 1 (c) through Figure  1(f) . A rectangular slot shown in Figure 1(c) is firstly employed, and the effects of the changes in its dimensions are examined in terms of the excitation of PCS band. The effects of the length and width of the slot are given in Figure 3 and Figure 4 , respectively. As seen from Figure 3 , using a rectangular slot shifts the minimum operating frequency to lower frequencies and rejects the band around 3 GHz. It is also seen from the figure that the minimum operating frequency of the excited band around 2 GHz decreases slightly, and its bandwidth becomes narrower by increasing the length of the slot. The width of the rectangular slot also affects the minimum operating frequency and the bandwidth as presented in Figure 4 , but its effect is very limited compared with the effect of length. From the parametric studies above, it is seen that Bluetooth, WLAN and WiMAX bands are suppressed by implementing a rectangular slot, but it is not possible to cover PCS band.
Since the edge of the transition sections are more sensitive, small rectangular slots shown in Figure  1 (d) and a triangle slot shown in Figure 1 (e) are located closer to the edge of the second transition section. Their geometries and positions are optimized to cover desired PCS band, and the results are presented in Figure 5 . On the other hand, these modifications deteriorate the impedance matching around 7.5 GHz. To overcome this problem, the effect of the length of the inset is examined in Figure 6 . Impedance matching around 7.5 GHz is achieved by choosing L i = 1.5 mm, which decreases the maximum operating frequency below 12 GHz. To increase the maximum operating frequency, compensation slots [9] are implemented and located symmetrically on the second transition section as seen in Figure 1 (f). The effects of these slots are presented in Figure 7 , and d g is chosen as 4 mm to increase the upper frequency limit above 12 GHz. The antennas were realized according to the optimum results obtained from the parametric studies presented above. They are fabricated by using photolithography and commercially available substrate Rogers 4003C whose relative dielectric constant ( r ), tangent loss and thickness are 3.55, 0.0027 and 1.524 mm, respectively. The fabricated preliminary and proposed PPMAs are shown in Figure 8 (a) and Figure 8(b) , respectively. The computed and measured VSWR results of the preliminary and proposed PPMAs are presented in Figure 9 . As seen from the figure, the preliminary antenna has an operating bandwidth of 10.5 GHz with frequency range of 2-12.5 GHz according to computed results, and the measured one is 9.63 GHz with frequency range of 2.37-12 GHz (5 : 1). Even though the preliminary antenna covers Bluetooth, WLAN, WiMAX, UWB and X-band, it does not cover PCS band. According to the computed results of the proposed antenna, it is observed that the two operating bands are 1.66 GHz-1.89 GHz and 2.88 GHz-12 GHz. In the measured results, it is seen that the bands are 1.67 GHz-1.91 GHz and 12 GHz with frequency range of 3 GHz-15 GHz (5 : 1), which make the antenna suitable for PCS, UWB and X-band. The computed and measured results are in good agreement especially at lower frequencies, and the measured maximum operating frequency of the proposed antenna is much higher than the computed one. On the other hand, it is seen that the results are not in very good agreement above 9 GHz. To reveal the reason for this disagreement, the effect of the dielectric constant is examined by using HFSS and CST, and those computed results are compared with the measured one for the proposed PPMA in Figure 10 . According to the figure, the computed results for r = 3.00 above 9 GHz have the same type of behavior as the measured one. It can also be observed that the measured result between 9-13 GHz seems as the contracted version of the computed results for r = 3.00 between 9-15 GHz, especially if the result for HFSS is considered. Therefore, it can be concluded that there is an uncertainty in the value of the dielectric constant of the substrate at high frequencies even though that value is given as 3.55 over a very wide frequency range in the data sheet. The performances of the designed PPMAs are examined in terms of realized gain, radiation pattern and group delay as well. The antenna gains used in the calculation of measured results were obtained by the two-antenna method presented in [27] . The computed and measured peak realized gains (G pr ) of the PPMAs are given in Figure 11 . According to the figure, the maximum value of the measured G pr of preliminary PPMA reaches 7.72 dB at 11.5 GHz, and its average value is 4.95 dB in the operating band. The maximum value of measured G pr of the proposed PPMA is 7.25 dB at 15 GHz. At 1.8 GHz, which represents PCS, the measured G pr is 1.32 dB, and the average measured G pr is 5 dB in the 3-15 GHz band. It is seen from the figure that the computed and measured peak realized gains are in good agreement for both of the antennas. The measured normalized co-and cross-polarization patterns of the preliminary and proposed PPMAs are presented in Figure 12 . It is observed from the figure that the radiation patterns of PPMAs, especially the ones at lower frequencies, are almost omnidirectional in x-y plane. One can also see that cross polarization discrimination levels are 10 dB or higher in the x direction at low frequencies, but these levels decrease at high frequencies. Group delay τ g is another parameter used to examine the time delay of signal while transmitting through a device. It is given by τ g = −dφ/dω where φ is the phase response of signal and ω the angular frequency. Although constant group delay is desired to avoid signal distortions for transmission, it is not generally possible in applications, and small deviations are acceptable. The comparisons of simulated and measured group delay performances of preliminary and proposed PPMAs are presented in Figure 13 and Figure 14 , respectively. Since the group delay performance of the antenna has a critical role especially in pulse based communication applications, it was examined for only UWB. CST was used to simulate group delays, and the measured ones were obtained by using the method given in [28] . The antennas were placed 20 cm away from each other. As can be seen from Figure 13 and Figure 14 , the preliminary and proposed PPMAs have maximum group delay deviations of 1 ns and 1.25 ns, respectively. It can be said that the group delay performances of the antennas are good for UWB applications. 
CONCLUSION
In this study, a printed planar monopole antenna has been designed and realized for PCS, UWB and X-Band applications. The design procedure includes two stages. In the first one, a preliminary PPMA was investigated by employing bottom to up strategy, and it was divided into sections which were optimized to obtain broader bandwidth. The resulting antenna operates in the 2.37-12 GHz band with an average peak realized gain of 4.95 dB, and therefore, it can be considered as a PPMA which is suitable for Bluetooth, WLAN, WiMAX, UWB and X-band. In the second stage, slots were implemented on the preliminary PPMA to suppress Bluetooth, WLAN, WiMAX and to excite PCS. As a result, the proposed antenna operates in the 1.67-1.91 GHz band, where PCS is allocated, and the 3-15 GHz band,
